Abstract 5-Hydroxymethylcytosine (5hmC) is an important, yet poorly understood epigenetic DNA modification, especially in invertebrates. Aberrant genome-wide 5hmC levels have been associated with cadmium (Cd) exposure in humans, but such information is lacking for invertebrate bioindicators. Here, we aimed to determine whether this epigenetic mark is present in DNA of the hepatopancreas of the land snail Cantareus aspersus and is responsive to Cd exposure. Adult snails were reared under laboratory conditions and exposed to graded amounts of dietary cadmium for 14 days. Weight gain was used as a sublethal endpoint, whereas survival as a lethal endpoint. Our results are the first to provide evidence for the presence of 5hmC in DNA of terrestrial mollusks; 5hmC levels are generally low with the measured values falling below 0.03%. This is also the first study to investigate the interplay of Cd with DNA hydroxymethylation levels in a nonhuman animal study system. Cadmium retention in the hepatopancreas of C. aspersus increased from a dietary Cd dose of 1 milligram per kilogram dry weight (mg/kg d. wt). For the same treatment, we identified the only significant elevation in percentage of samples with detectable 5hmC levels despite the lack of significant mortalities and changes in weight gain among treatment groups. These findings indicate that 5hmC is an epigenetic mark that may be responsive to Cd exposure, thereby opening a new aspect to invertebrate environmental epigenetics.
Introduction
Methylation of DNA at the 5 position of cytosine (5-methylcytosine or 5mC) is pivotal to DNA metabolism and gene expression in most eukaryotes (Jones 2012) , including invertebrates (Kucharski et al. 2008; Lyko et al. 2010; Riviere et al. 2013; Lian et al. 2015) . The oxidation product of 5mC, 5-hydroxymethylcytosine (5hmC) is also an important, yet poorly understood epigenetic mark, which in vertebrates appears to be linked to cytosine demethylation events and transcriptionally active genomic loci (Branco et al. 2011; Bergman and Cedar 2013) .
To date, the presence of 5hmC has been confirmed in certain invertebrate phyla, such as arthropods (Cingolani et al. 2013; Feliciello et al. 2013; Wojciechowski et al. 2014; Strepetkaite et al. 2016) or ctenophores (Moroz et al. 2014 ). However, we know amazingly little about the occurrence of this cytosine base modification in mollusks-the second largest phylum in the animal kingdom-despite their ecological importance and valuable role as bioindicators of (Dallinger et al. 2001; Oehlmann and Schulte-Oehlmann 2003) . A ubiquitous element within the environment, cadmium (Cd) is considered a persistent, bioaccumulative priority contaminant (Spurgeon et al. 2008; ATSDR 2008) , and therefore, has attracted considerable research interest from environmental scientists. The main route of Cd uptake for terrestrial animals is via food, with the renal and hepatic tissues serving as the primary retention endpoints. Once accumulated, this trace metal interferes with multiple epigenetic mechanisms, including DNA methylation (Wang et al. 2012 ). Evidence of the potential for cadmium to affect the DNA methylation cycle originates from studies with 5mC (Takiguchi et al. 2003; Jiang et al. 2008; Hanna et al. 2012; Hossain et al. 2012; Pierron et al. 2013; Zhang et al. 2013; Sanders et al. 2014 ), but only rarely with 5hmC (Tellez-Plaza et al. 2014) . Moreover, the interplay between Cd and 5hmC in invertebrate ecotoxicological models has not been investigated before.
Land snails (Pulmonata) are suitable study systems for cadmium hazard. First, these synanthropic invertebrates are effective cadmium bioacumulators and tolerate tissue concentrations far above environmental levels without showing any major metabolic side effects (Dallinger et al. 2001) . Second, commonly used animal models in toxicological studies (e.g., rats, mice, fish) have separate sexes, both of which have to be tested for providing relevant results on epigenetic effects of anthropogenic pollutants. Land snails, by contrast, are hermaphrodites, and therefore, their use is a more cost-effective alternative to vertebrate study systems in epigenetic ecotoxicology. Third, the gastropod hepatopancreas fulfills the functions of both the mammalian liver and pancreas and functions as the main site for cadmium storage and detoxification. As a result, it is the most thoroughly studied target tissue related to Cd accumulation in this group of animals (e.g., Rabitsch 1996; Dallinger et al. 1993; Dallinger et al. 2004; Gimbert et al. 2008; Hispard et al. 2008; Hödl et al. 2010; Höckner et al. 2011; Nica et al. 2015) .
We recently showed that the genomic DNA from the hepatopancreas of the brown garden snail, Cantareus aspersus (syn. Cornu aspersum or Helix aspersa), does contain 5mC, an epigenetic mark that is responsive to cadmium (Nica et al. 2016) . 5hmC-the epigenetic mark measured in this studyis an enzyme-mediated oxidation product of 5mC and also appears to be responsive to environmental stressors (Dao et al. 2014; Zhang et al. 2014) . For this reason, we addressed two key questions: (1) Does the DNA of the gastropod hepatopancreas contain 5hmC? (2) What is the relevance of the 5hmC content of hepatopancreas DNA as an endpoint of Cd exposure? In other words, is 5hmC responsive to oral intake of cadmium and could this epigenetic mark be used as a potential biomarker?
To test these hypotheses, adult specimens of C. aspersus were exposed under laboratory conditions to graded, fieldrelevant amounts of dietary cadmium for 14 days. The topic of this work joins an emerging field of research using epigenetic approaches to address environmental problems-one of the next frontiers in the study of epigenetics (Head et al. 2012) . Understanding this response is important for the study of pollution and biomonitoring the effect of heavy metals with invertebrates since it will provide a new perspective on the effects of cadmium on the DNA modification dynamics in these organisms and may help develop novel endpoints for cadmium exposure.
Materials and methods

Preparation of the food
An artificial food was prepared by mixing 50-g fortified infant cereals (Nestle Nestum 5-FiveCereals), 20-g carrot baby food (HiPP, UK), and 15-g agar (A-1296, Sigma) with double distilled water to obtain 1000-mL agar medium. A fungicide (1% methylparaben solution) was added to the solution as 3 mL per 1000 mL fodder. Each liter of medium was divided equally among 40 Petri plates (about 25 mL/plate). After cooling, the Petri plates were maintained in a refrigerator for maximum of 1 week. The spiked food was prepared similarly, using cadmium solutions of known concentrations, i.e., 0.02, 0.05, 0.2, 1, and 10 mg/L, instead of double distilled water. These concentrations were chosen based on the reference values for maximum Cd concentrations (expressed as milligrams per kilogram dry weight, mg/kg d. wt) allowed in vegetal foods on which the snails routinely feed, such as fruits (0.05 mg/kg d. wt), stem vegetables (0.1 mg/kg d. wt), and leafy vegetables (0.2 mg/kg d. wt) (MWFEP 2002; EC Regulation No. 1881 ; and Cd effects on cell proliferation, histopathological alterations, and DNA integrity in the snail hepatopancreas (Hödl et al. 2010; . Cadmium chloride (CdCl 2, 99.99% trace metal basis, SigmaAldrich) was used as a source of Cd Nica et al. 2015) . The treatments were abbreviated as 0Cd (controls), 0.02Cd, 0.05Cd, etc.
Snail feeding experiment
Newly matured C. aspersus snails (32 specimens, aged 12 months) obtained from the BMokry Dwór^farm (Krzymów, Wielkopolska, Poland) were bred under controlled environmental conditions at the Laboratory Animal Facility of BVictor Babes^University of Medicine and Pharmacy from Timisoara (UMFT). This species is routinely used as a gastropod model in ecotoxicological studies because it has a well-known physiology and is easily reared both under field and laboratory conditions (Garcia et al. 2006 ). The snails were of similar size (mean shell height 25.9 ± 1.34 mm) and had a thickened Blip^at the mouth of their shells, showing adulthood (Kerney and Cameron 1979) . Four snails were used for the 1Cd treatment, five for the 0Cd and 0.02Cd treatments, and six for the 0.05Cd, 0.2Cd, and 10Cd treatments, respectively. After transfer to a climate-controlled room (18-20°C, 12-h light:12-h dark cycle), each animal was kept separately in a 600-mL aerated polypropylene terrarium with a perforated lid and maintained without food for 4 days to accommodate to laboratory conditions .
After acclimatization, all test animals were maintained on Cd-spiked diets for 14 days. A layer of ash-free filter paper was placed on the bottom of each terrarium and wetted two times a day with double distilled water by using a pressure sprayer to provide a moist microenvironment for snail breeding. The daily activity schedule involved fresh fodder supply, monitoring snail fitness, removal of uneaten food and feces, and replacing the sheet of ash-free filter paper. The terrariums were cleaned three times a week with double distilled water.
For each specimen, the body weight was determined to the nearest 0.01 mg with an analytical balance (TP-214, Denver Instrument GmbH) at the start and the end of the experiment. Weight gain was calculated as the difference between these weights. This parameter is commonly used in ecotoxicological studies with gastropods as a sublethal endpoint of Cd exposure (e.g., Russell et al. 1981; Gomot 1997; Coeurdassier et al. 2002) . Mortalities during the period of exposure were also recorded to quantify the lethal effects of Cd at the dietary doses used in the present experiment.
All surviving animals were collected at the end of the experiment and then sacrificed. The soft body was removed from the shell using a hemostat and the hepatopancreas was detached from the visceral mass. Hepatopancreas samples were collected, washed in double distilled water, dried on cellulose tissue, and stored at −80°C until further analyses. Both chemical and methylation analyses were conducted for all hepatopancreas samples collected.
Cadmium analyses
The frozen hepatopancreas samples were thawed, oven dried (105°C, 24 h), and weighed to the nearest 0.01 mg using an analytical balance (TP-214, Denver Instrument GmbH). After calcination in a muffle furnace (Nabertherm B150, Lilienthal; 550°C, 6 h), the ash was submitted to wet acid digestion. Briefly, the ash was treated with 0.5 mL of 65% HNO 3 (Merck, Suprapur), heated to dryness, dissolved in 20 mL of 0.5 N HNO 3 , and then filtered through ash-free filter paper. Finally, the volume of each sample was brought to 30 mL with 10 mL HNO 3 0.5 N.
Cadmium content in the filtrates was measured by flame (air-acetylene) atomic absorption spectrophotometry (VARIAN AA240FS) fitted with a metal-specific hollowcathode lamp as a source of radiation. Mix standard solutions (1000 mg/L) of ICP Multielement Standard Solution IV CertiPUR were purchased from Merck (Merck KGaA, Darmstadt, Germany). The reagents and standard solutions were prepared using double distilled water (spectroscopic pure). All glassware was treated with Pierce solution 20% (v/v), rinsed with cold tap water followed by washing 20% (v/v) nitric acid and rinsing them again with double-distilled water. Blanks and triplicate samples were also analyzed during the procedure to deliver homogeneous and accurate results. The Certified Reference Material (CRM) NCS DC 85105a (NCS Testing Technology Co., Ltd.; China Iron & Steel Research Institute Group, formerly Central Iron & Steel Research Institute) was used to verify the accuracy of acid extraction of cadmium from hepatopancreas samples. The certified concentration value of cadmium in this standard reference material is 14 mg/kg (data available in the 2016-2017 catalog of NCS Reference Materials, http://www. ncsstandard.com/catalog.aspx). The percent recovery mean for acid extraction of cadmium was 96%. The variation coefficients were below 8%, whereas the Cd detection limit, as determined by using the calibration curve method, was 0. 01 mg/kg d. wt. The blank reagent and standard reference animal sample were included into each sample batch to verify the accuracy and precision of the digestion procedure, as well as for the subsequent analyses.
DNA extraction and quantification analysis
Total DNA was extracted from the hepatopancreas with the DNeasy Blood & Tissue Kit (Qiagen, Cat No. 69506) using the animal tissue bench protocol as recommended by kit user manual (BPurification of Total DNA from Animal Tissues^as found in DNeasy Blood & Tissue Handbook, Qiagen, Valencia, CA). Once extracted, the DNAwas verified for quality (260/280 nm, NanoDrop-2000, Thermo Fisher Scientific Inc., USA). Total 5hmC content in DNA of the hepatopancreas of C. aspersus adults was determined with the Quest 5-hmC™ DNA ELISA Kit (Zymo Research, Cat No. D5426) according to the manufacturer's instructions. This sandwich ELISA-based system uses capture and detection antibodies to detect and quantify 5hmC levels in a wide range of input DNA, including animal, plant, and microbial genomic DNA. It can run in a qualitative format, in which the presence of 5hmC in DNA samples is detected by comparing their absorbance (optical density) to that of the negative control (0% 5hmC); as well as in a quantitative format, which implies the comparison of sample absorbance to a standard curve generated from solutions of 5hmC at known concentrations. The detection threshold of this kit is 0.02% 5hmC per 100-ng input DNA according to the instruction manual. Numerous studies attest high levels of 5hmC sensitivity in DNA samples for this ELISA kit, with detection possible well below the 0.01% range (e.g., Tellez-Plaza et al. 2014; Murata et al. 2015; Pells et al. 2015; Pirola et al. 2015) .
In brief, 100 ng of denaturated DNA and anti-5hmC polyclonal antibodies (1 μg/mL) were added to a 96-well plate and incubated for 1 h at 37°C. The plates were washed three times and then incubated again with 0.2 μg/mL of the horseradish peroxidase (HRP)-conjugated anti-DNA antibody at 37°C for 30 min. Finally, developer solution (DS) was added into wells and the color was allowed to develop for 15 min at room temperature (20°C). The quantification of 5hmC content within each sample was conducted in duplicate. The optical density (OD) was determined at 450 nm (nm) using a Microplate Reader Stat Fax 4200 (Awareness Technology, USA). For absolute 5-hmC quantification, a standard curve was obtained by plotting the various concentrations of the positive controls against the corresponding ODs. The standard curve obtained was excellent (Fig. 1a) , attesting to the reliability of 5hmC measurements.
Statistical analysis
The intergroup homogeneity of body weight at the start of the experiment was tested with a Kruskal-Wallis test with tied ranks. Differences in weight gain and hepatopancreas Cd content among treatments were analyzed in the same manner, with post hoc Dunn's tests being applied in case of significant differences. A similar approach was planned to be used for the percentage of 5hmC in hepatopancreas samples. If the measured values were below those of the lowest positive control (0.03%), a qualitative ELISA approach was used to achieve a yes or no answer indicating whether detectable levels of 5hmC antigen were present in the samples. The limit of detection (LoD) value, also known as the cut-off value, was calculated as average OD of negative control plus two standard deviations (SD) (Wattanaphansak et al. 2008) . ODs above this threshold were considered to indicate a detectable 5hmC signal (Byes^response). Data quality was assessed based on the value of the coefficient of determination (R 2 ) corresponding to the ELISA standard curve obtained; and that of the intraassay coefficient of variation (C.V.), which should fell below 10% (HHS 2001). Pairwise comparisons with Fisher's exact tests (one-tailed) were applied on percentages of yes/no responses for controls (as a benchmark group) and those measured for different treatments (10Cd vs. 0Cd, 1Cd vs. 0Cd, etc.). Finally, a univariate logistic regression was conducted to determine the relationship between the hepatopancreas cadmium concentrations (as a predictor variable) and the corresponding 5hmC levels (as a criterion variable). A p value <0.05 was considered significant.
Results and discussions
At the start of the experiment, different snail groups showed similar body weights (p = 0.423, Table 1 ), confirming the homogeneity of our samples. At 14 days, there were no significant differences in body weight gain among treatment groups (p = 0.548, Table 1 ). Moreover, no deaths occurred during the study period. These data show that, under the present experimental conditions, dietary Cd doses up to 10 mg/kg d. wt did not affect key organism-level toxicity endpoints, such as survival and weight gain. Identical results were obtained in a previous study using similar experimental conditions (Russell et al. 1981) . These data attest to the increased tolerance of this species to cadmium exposure.
The gastropod hepatopancreas is an excellent bioaccumulator of environmental cadmium (Dallinger and Rainbow 1993) , and hence a reliable tool for exposure measurement (Rabitsch 1996; Palacios et al. 2011; Nica et al. 2015) . Median concentrations measured here (Fig. 1a) ranged between 1.44 mg/kg d. wt (0.05Cd treatment) and 73.67 mg/kg d. wt (10Cd treatment). These values are largely comparable to those determined in mature specimens of C. aspersus and other gastropod species, such as Eobania vermiculata or Cepaea hortensis, when treated at similar doses (Russell et al. 1981; Laskowski and Hopkin 1996; Dallinger et al. 2004; Hispard et al. 2008; .
We found significant differences in Cd content of the hepatopancreas among the six treatments (p < 0.001; Fig. 1a) . When compared to controls, the measured values were consistently elevated in the 1Cd snails (p = 0.045) and the 10Cd snails (p < 0.001), but no effect was observed for the three lowest treatments (p ≥ 0.137). This trend is in line with the previous results (Laskowski and Hopkin 1996) . Therefore, one can expect that this gastropod is able to maintain stable Cd levels in the hepatopancreas for low, but field-relevant dietary exposure. Cadmium excretion via mucus and/or fecal fluids, as well as its relocation into the foot (Gimbert et al. 2006; Notten et al. 2006) , may account for these results.
A hormesis effect was observed at the two highest doses (Table 1 ). This suggests that mature snails, C. aspersus, may exhibit higher fitness compared to controls following a 14-day dietary exposure to slightly elevated Cd concentrations. This response was previously described in younger specimens (5-and 8-week-old juveniles) after ingestion of a lightly contaminated diet (50 mg/kg d. wt Cd) or a moderately contaminated substrate (100 mg/kg d. wt Cd) for up to 1 month (Gomot 1997; Coeurdassier et al. 2002) . The internal Cd range for which hormesis occurred was between 0 and 40 mg/kg d. wt (Coeurdassier et al. 2002) , but the level to which this trace metal was retained in the hepatopancreas was not measured. No pertinent conclusions about the potential interplay between age and internal cadmium concentrations in shaping this response can be derived from these data. However, adult weight gain does not appear to be a reliable ecotoxicological endpoint for Cd exposure, at least for a short-term exposure to environmentally relevant dietary cadmium concentrations. Our findings differ from those reported by Russell et al. (1981) who observed dose-dependent growth inhibition in mature specimens of similar size at higher dietary Cd doses (Russell et al. 1981) .
Here, we provide the first evidence for the presence of 5hmC in land snails. Hence, these results expand our knowledge on DNA hydroxymethylation in gastropods, which until now was limited to data derived from two studies dealing with the aquatic gastropods Biomphalaria glabrata and Aplysia californica (Fneich et al. 2013; Moroz and Kohn 2013) . It is also important to note that the presence of 5hmC in DNA of the molluskan hepatopancreas has not been reported before.
Low, but detectable levels of 5hmC (<0.03%) were observed in nine out of 32 samples analyzed (28.12%; Fig. 2a) . These values fell well below those measured in the human liver using a similar antibody-based approach (0.45% of total DNA, i.e., 0.09% of the total cytosine in the DNA; Li and Liu 2011) or in the murine liver using high-performance liquid chromatography-mass spectrometry (HPLC-MS) (0.05 to 0.07% from the total cytosine; Globisch et al. 2010 ). To our knowledge, such information is lacking for invertebrate organs with liver-like functions, including the molluskan hepatopancreas. Global 5hmC content of other tissues is, however, similarly low. For example, in the honey bee, Apis mellifera, the measured values by liquid chromatography-tandem mass spectrometry (LC-MS/MS) ranged between 0.0004 and 0.0006% of the total cytosine pool in the brain and abdomen, respectively (Rasmussen et al. 2016) . With respect to gastropods, similar data originate from only one study, in which application of LC-MS/MS showed that only 0.0009% of total cytosines are hydroxymethylated in the genomic DNA from the soft tissue of the foot of B. glabrata (Fneich et al. 2013) . Despite methodological differences, this is quite consistent with our results. Taken together, these findings suggest that 5hmC is present in relatively small amounts in DNA from tested gastropod tissues. This is also the first study to investigate the interplay of Cd with DNA hydroxymethylation in a non-human animal study system. No clear dose-response relationship was observed between cadmium concentration and total 5hmC content in the hepatopancreas of C. aspersus adults (p = 0.748). The percentage of samples with detectable 5hmC levels (Fig. 2b) was significantly higher compared to controls for the 1Cd treatment (p = 0.039), but not for the other treatments applied (p ≥ 0.575).
Hence, it appears that chronic 14-day exposure could modify global 5hmC levels in the hepatopancreas DNA of gastropods above a certain threshold level of dietary cadmium. From these findings, one may also expect that the corresponding dose-effect curve is not sigmoidal, but rather biphasic, displaying an inverted U-or J-shape. Indeed, such relationships have been reported in the toxicological literature, e.g., for methylation patterns in Arabidopsis plantlets that had been exposed to 0-5.0 mg/kg d. wt Cd for 15 days (Wang Initial body weight was measured at the start of the experiment, whereas the weight gain was calculated as the difference between the body weight at the end of the experiment (14 days) and that determined at the start of the experiment (0 days) et al. 2016). The absence of a significant dose-response curve may also reflect an improper spacing of dose levels, which can hinder the characterization of this relationship (Hood 2016) . Interestingly, we identified the first consistent increase in cadmium retention in the hepatopancreas of C. aspersus adults at 1 mg/kg d. wt Cd in the diet. The same treatment yielded the single 5hmC peak observed in the present study. Given the putative role of this epigenetic mark in promoting gene expression during active demethylation (Branco et al. 2011; Hill et al. 2014) , this association may suggest an increased likelihood of altered gene expression following low-level dietary cadmium exposure. It will be of interest to investigate the effects of cadmium on specific genes. In this context, the Cd-selective metallothionein (Cd-MT) gene deserves particular consideration since it can be activated by dietary Cd levels as low as 2 mg/L (Baurand et al. 2015) and is generally inducible, unlike constitutively expressed genes with housekeeping functions (Hispard et al. 2008) .
Overall, this preliminary study supports the presence of 5hmC in DNA of the hepatopancreas of C. aspersus and suggests that this methylation variant is, to a certain extent, responsive to cadmium exposure. For dietary Cd doses less 10 mg/kg d. wt in adult C. aspersus snails, this epigenetic mark seems to be more sensitive than traditional organismal endpoint measurements of Cd-related adverse effects, such as weight gain and survival. However, further investigations on this matter are needed before a final conclusion can be reached. Thus, the present results should be confirmed using more precise and sensitive methods for measuring global DNA hydroxymethylation. LC-MS/MS can serve as an appropriate technique for achieving this purpose; it is considered the Bgold standard^to accurately quantitate 5hmC levels in any DNA sample (Liu et al. 2013 ) and, as mentioned above, seems to have a limit of sensitivity less than a thousandth of a percent for gastropod DNA (Fneich et al. 2013) . Such an approach will also help avoid potential confounding factors in 5hmC quantification such as cross-reactivity of 5hmC-antibodies with 5mC in DNA (Erdmann et al. 2015) . In addition, future studies should use a narrower spacing of exposure doses, using 1 mg/kg d. wt Cd in the diet as a benchmark dose for a 14-day continuous exposure. This could allow a more precise characterization of the dose-response relationship between cadmium concentrations and global 5hmC levels in the hepatopancreas of C. aspersus adults. Because of animal-to-animal variability in 5hmC content, larger sample sizes should also be used, thus increasing the statistical power of our study and the likelihood of obtaining significant results. However, such modest sample sizes are not unusual for pilot global DNA methylation studies, which was the case of our investigation.
Conclusions 5-Hydroxymethylcytosine (5hmC) is an important, yet poorly understood epigenetic DNA modification, especially in mollusks. There is evidence for Cd effects on global DNA hydroxymethylation in humans, but not in invertebrate bioindicators. Here, we determined the changes induced in global 5hmC levels in DNA of the hepatopancreas of land snail C. aspersus following a 14-day dietary exposure to low, but field-relevant Cd doses. Our results are the first to provide evidence for the presence of 5hmC in DNA of terrestrial mollusks and lend support that Cd may affect DNA hydroxymethylation in a non-human animal study system. Fig. 2 a Optical density (405-450 nm) for samples analyzed. Qualitative ELISA was used to achieve a yes or no answer indicating whether detectable levels of 5hmC antigens are present in samples. The vertical red line denotes the cut-off line. The purple column shows the OD of negative control, whereas the green column shows the OD of the lowest hydroxymethylated control, i.e., 0.03% 5hmC. Blue columns indicate a positive 5hmC signal, whereas gray columns denote a 5hmC signal below LoD. b Percentage of yes/no responses for different treatments. Dark gray denotes the percentage of samples with detectable levels of 5hmC antigens (Byes^response). Light gray shows the percentage of samples with a 5hmC signal below the limit of detection (Bno^response)
